Three separate studies, two involving active-immunization regimens and one involving a passive-transfer protocol, were conducted to initially screen and ultimately more fully assess several nontypeable Haemophilus influenzae outer membrane proteins or their derivatives for their relative protective efficacy in chinchilla models of otitis media. Initial screening of these antigens (P5-fimbrin, lipoprotein D, and P6), delivered singly or in combination with either Freund's adjuvant or alum, indicated that augmented bacterial clearance from the nasopharynx, the middle ears, or both anatomical sites could be induced by parenteral immunization with P5-fimbrin combined with lipoprotein D, lipoprotein D alone, or the synthetic chimeric peptide LB1 (derived from P5-fimbrin), respectively. Data from a second study, wherein chinchillas were immunized with LB1 or lipoprotein D, each delivered with alum, again indicated that clearance of nontypeable H. influenzae could be augmented by immunization with either of these immunogens; however, when this adjuvant was used, both antibody titers in serum and efficacy were reduced. A third study was performed to investigate passive delivery of antisera directed against either LB1, lipoprotein D, nonacylated lipoprotein D, or a unique recombinant peptide designated LPD-LB1(f) 2,1,3 . The last three antiserum pools were generated by using the combined adjuvant of alum plus monophosphoryl lipid A. Passive transfer of sera specific for LB1 or LPD-LB1(f) 2,1,3 to adenoviruscompromised chinchillas, prior to intranasal challenge with nontypeable H. influenzae, significantly reduced the severity of signs and incidence of otitis media which developed (P < 0.001). Collectively, these data indicate the continued merit of further developing LB1 and LPD-LB1(f) 2,1,3 as components of vaccines for otitis media.
Several outer membrane proteins of nontypeable Haemophilus influenzae (NTHI) as well as its lipooligosaccharide have been the subject of recent studies designed to assess their utility as potential immunogens against bacterial otitis media (OM) (3, 12, 13, 18, 26, 28, 30, 34, 37, 44, 53, 66) . The vast majority of these studies have been performed with chinchillas as the host and with disease induced by direct inoculation of the middle ear via transbullar challenge. While the chinchilla model has its limitations, these studies have proved extremely useful in addressing questions concerning both the pathogenesis and potential prevention of OM induced by NTHI. Early studies in chinchillas by Karasic et al. (37) , using purified LKP pili as the immunogen, and by Barenkamp (12), using whole killed bacterial cells, demonstrated that one could indeed immunize, either actively or passively, against NTHI-induced OM. However, the study by Karasic et al. (37) and more recent studies have demonstrated that the protection conferred is restricted largely to homologous challenge (8, 30, 53, 66) . These observations, combined with the multifactorial nature of OM and the antigenic diversity of the NTHI outer membrane proteins, have led many investigators to conclude that development of a broadly effective vaccine against a group of organisms as heterogeneous as NTHI will probably require a combination of several highly conserved and immunogenic antigens to form a multicomponent vaccine (13, 18, 26) .
Several current candidate immunogens, which have been shown to reduce the incidence or severity or both of OM in the chinchilla or rat host are a mixture of rPCP, P4, and P6 (26) ; rHtrA (44) ; the high-molecular-weight (HMW) adhesin proteins (13); detoxified lipooligosaccharide-protein conjugates (28) ; outer membrane protein P6 (18) ; and lipoprotein D (LPD) (3, 34) . Our laboratory has similarly demonstrated that fimbrin, an NTHI adhesin (11, 36, 57, 58) homologous to outer membrane protein P5 (66) , can be used as a parenteral immunogen to significantly reduce the incidence and/or severity of OM in similar direct-challenge models.
Each of the aforementioned studies has yielded valuable information about the ability of these antigens to induce antibodies effective against an overt infection in a directly challenged tympanum. One of the questions which cannot be answered in these models, however, is how effective the immunogen is against nasopharyngeal (NP) colonization and ultimately eustachian tube ascension by NTHI (15, 16, 23) , both of which must occur prior to induction of a middle ear infection. To address this question and also to investigate the potential for immunizing against NP colonization, we developed a chinchilla model of adenovirus compromise to allow NTHI, inoculated into the nares, to first establish a colonized state in the nasopharynx and later, when adenovirus-induced damage compromises eustachian tube function, ascend into the middle ear space (6, 46, 47, 72) .
We recently used this superinfection model to demonstrate that, as has been shown with other NTHI outer membrane proteins in the environment of the middle ear, isolated P5-homologous fimbrin protein (P5-fimbrin), delivered as a parenteral immunogen, induced significantly augmented clearance of a homologous challenge isolate from the chinchilla nasopharynx 21 days earlier than in the control cohort (8).
Clearance of a heterologous isolate was, however, less rapid, occurring approximately 7 days earlier than in sham-immunized animals. In the same paper, we reported the synthesis and use of a chimeric synthetic peptide which incorporated both a 19-mer putative B-cell epitope of the mature P5-fimbrin protein of NTHI isolate 1128 and a T-cell "promiscuous" epitope from measles virus fusion protein. This 40-mer peptide, LB1, also induced significant activity, which was protective against homologous challenge when delivered as a parenteral immunogen with complete Freund's adjuvant (CFA). Animals immunized with LB1 were able to clear NTHI from their nasopharynges 2 weeks earlier than sham-immunized chinchillas were.
In the present paper, we expand on these collective observations to first determine if any of three NTHI antigens, which are thought to induce protective activity, could be used singly or in combination as immunogens to protect against NP colonization and to induce augmented bacterial clearance from the chinchilla middle ear. The most promising immunogen(s) was then retested for efficacy. Finally, a passive-transfer protocol was combined with the aforementioned adenovirus-NTHI dual-challenge model and used to assess whether delivery of serum collected from animals immunized with the most efficacious immunogens, as determined in the two active-immunization protocols, could now be used to prevent NTHI residing in the nasopharynx from ascending the eustachian tube and inducing OM. In the latter study, we also introduced a novel recombinant peptide immunogen designated LPD-LB1(f) 2,1,3 , which was designed to incorporate portions of two NTHI antigens known to play a role in pathogenesis of OM. Recently, 99 clinical isolates of NTHI were examined for sequence heterogeneity in the 19-mer region of the P5-fimbrin adhesin protein that is included in the synthetic chimeric peptide, LB1. Three major groups, based on amino acid sequence diversity, were identified. The peptide LPD-LB1(f) 2,1,3 was designed to contain the corresponding B-cell epitope from all three groups.
(The data in this paper were presented in part at the Twentieth and Twenty-Second Midwinter Research Meetings of the Association for Research in Otolaryngology, St. Petersburg Beach, Fla., 2 to 6 February 1997 and 14 to 18 February 1999, respectively, and the Third Extraordinary International Symposium on Recent Advances in Otitis Media, Copenhagen, Denmark, 1 to 5 June 1997.)
MATERIALS AND METHODS

Animals.
For all studies, we used healthy adult (approximately 450 to 500 g) or juvenile (approximately 300 to 350 g) chinchillas (Chinchilla lanigera) with no evidence of middle ear infection by either otoscopy or tympanometry. For the three immunization and challenge studies described, a total of 171 chinchillas were used. The mean weights of the chinchillas for each of the studies detailed below were 470 Ϯ 60, 462 Ϯ 9, and 302 Ϯ 38 g, respectively. The animals were rested for 10 days upon arrival and were then bled nominally by cardiac puncture for collection of preimmune serum, which was stored at Ϫ70°C until use.
NTHI and adenovirus isolates. All NTHI isolates used in the challenge studies are limited-passage clinical isolates cultured from either the nasopharynges (86-028NP) or middle ears (1715, 1128, and 1729) of children who underwent tympanostomy and tube insertion for chronic OM with effusion at Columbus Children's Hospital. NTHI isolates 1128 and 86-028NP have been characterized in chinchilla models of OM (8, 11, 18, 46, 66) . All the isolates were maintained frozen in skim milk plus 20% (vol/vol) glycerol until used; they were then streaked onto chocolate agar (BBL, Cockeysville, Md.) and incubated at 37°C for 18 h in a humidified atmosphere containing 5% CO 2 . Adenovirus serotype 1 was also recovered from a pediatric patient at Columbus Children's Hospital and has been used in chinchilla models (6, 7, 9, 72) .
Determination of the amino acid sequence variability of the fimbrin portion of the LB1 peptide. We determined the nucleotide sequence encoding the fimbrin portion of the LB1 peptide in 53 U.S. NTHI strains from our laboratory and from 46 U.S. and European strains kindly provided by A. Forsgren (University of Lund, Malmö, Sweden).
Briefly, the DNA sequences were determined as follows. NTHI cells were lysed by boiling, and the DNA comprising the LB1(f) peptide-coding sequence was amplified with oligonucleotides derived from the nucleotide sequence of the gene encoding P5 (51) . After purification, the amplified fragment was sequenced on an automated ABI sequencer with ABI-PRISM DNA sequencing-kit dye (ABI) and Amplitaq DNA polymerase FS (Perkin-Elmer, Foster City, Calif.). The resulting sequencing data were analyzed, translated, and aligned with Lasergene software (DNAstar, Inc., Madison, Wis.).
Immunogens used. P5-fimbrin was isolated from NTHI 1128 as previously described (66) , and P6 was isolated from NTHI 86-028NP, also as described (18) . LPD was prepared from a recombinant Escherichia coli strain that contains plasmid pMG-LPD in which the expression of the gene encoding LPD (35) is under the control of a temperature-sensitive p L promoter. After growth in a 20-liter fermentor, the bacteria were harvested and the recombinant product was isolated by detergent extraction (with 3% Empigen BB). LPD was further purified by successive cation-exchange, anion-exchange, and affinity (hydroxyapatite) chromatography. After concentration, the product was stored in phosphatebuffered saline (PBS; pH 6.8)-0.5% Empigen BB at Ϫ20°C until formulated for use. Protein D (PDm) is a recombinant nonacylated form of LPD lacking three N-terminal palmitate residues, whose expression and purification has been described (2, 3, 32) .
LB1 is a 40-mer synthetic chimeric peptide composed of a putative B-cell epitope of the mature P5-fimbrin protein (Arg 117 to Gly 135), colinearly synthesized with a T-cell promiscuous epitope from measles virus fusion protein, and has been described previously (8). LB2 is also a 40-mer peptide and is composed of a second putative B-cell epitope of the mature P5-fimbrin protein (Tyr 163 to Thr 180) plus the same T-cell epitope. LB2 has also been described previously (8).
LPD-LB1(f) 2,1,3 is a recombinant fusion peptide composed of an N-terminal LPD moiety followed by three sequential P5-fimbrin B-cell epitope peptides from LB1, called LB1(f), and a C-terminal polyhistidine purification tag. The sequence of LPD-LB1(f) 2,1,3 is shown in Fig. 6 . The three LB1(f) peptides incorporated into the polypeptide each represent a different NTHI group relative to this region of mature P5-fimbrin (described below) and are present in the following order: group 2a, group 1, and group 3. The gene encoding LPD-LB1(f) 2,1,3 was constructed in a pMG27N-derived plasmid. This plasmid (27) is a pBR322 derivative in which the expression of a heterologous gene is under the control of a p L promoter. The resulting plasmid has been transformed into E. coli AR58 (49) . The recombinant protein was produced by growing the transformed bacteria at 30°C and then shifting the temperature to 37°C to induce the expression of the LPD-LB1(f) 2,1,3 gene. After lysis of the cells, LPD-LB1(f) 2,1,3 was isolated on a Qiagen nitrilotriacetate-Ni 2ϩ column and then further purified on ion-exchange and gel filtration columns. After concentration with a Filtron Omega 10-kDa concentrator device, the protein solution was filtered through a 0.22-m-pore-size filter. The resulting protein runs as a single band on a Coomassie brilliant blue-stained sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel.
First active-immunization trial. Eleven cohorts of six adult chinchillas were established. The animals received a primary immunization of 10 to 20 g of immunogen(s) subcutaneously (s.c.) as shown in Table 1 . Cohorts receiving two different isolated NTHI outer membrane proteins received them at separate injection sites. The cohort designated fimbrin/CFA was the only cohort which received a total of 150 g of protein and was included to allow direct comparison with cohorts from our earlier studies (8, 66). The boosting dose was given 30 days later (Table 1) , and all the animals were bled 10 days after the boost and immediately prior to receiving an intranasal (i.n.) inoculation of 6 ϫ 10 6 50% tissue culture infective doses of adenovirus (6, 9, 72).
Seven days after the adenovirus inoculation, four animals per cohort were given an i.n. inoculation of approximately 10 8 CFU of NTHI (86-028NP) in 200 l of sterile pyrogen-free saline (Abbott Laboratories, North Chicago, Ill.) as well as a bilateral transbullar (t.b.) inoculation of 2,500 CFU of NTHI/ear in 300 l of sterile pyrogen-free saline. This t.b. inoculation is a stringent direct challenge to the middle ears and results in a consistent moderate middle ear infection (ranked 2ϩ on a scale of 0 to 4ϩ inflammation) in both ears of naive or sham-immunized animals within 48 h (19, 66) . The disease course induced by this inoculation route thus provides a basis for determining protective efficacy in immune cohorts. t.b. inoculation is also necessary in active-immunization protocols because the time required to fully immunize chinchillas results in their being too old for an optimal demonstration of the synergy between i.n.-inoculated adenovirus plus NTHI in inducing bacterial OM (our unpublished observations). One animal in each cohort was predesignated for sacrifice 10 days after NTHI challenge for procurement of inferior bulla mucosa and tympanic membranes for histological examination as previously described (66) .
The remaining two animals per cohort received only an i.n. inoculation of NTHI 86-028NP. These i.n.-only animals were assessed for changes in NP col-onization, as were other cohort members (described below) but were used primarily to monitor any unexpected OM in adult chinchillas coinfected with adenovirus, thus allowing us to detect any artifactual induction of disease due to technique.
Second active-immunization study. Five cohorts of 10 chinchillas each were established. The cohorts received one of the following immunogens formulated with AlPO 4 (100 g/dose): LB1 (1 g/dose), LB1 (10 g/dose); LPD plus LB1 (each antigen prepared separately with AlPO 4 and then mixed at a ratio of 10 g to 1 g, respectively, per dose), LPD (10 g/dose), or AlPO 4 only (sham cohort). Immunogen formulations were prepared by SmithKline Beecham Biologicals and provided in coded vials. The chinchillas were immunized s.c. with the designated immunogen (200 l/dose) and boosted with an identical dose 28 days later. Observers were then blinded to cohort clustering by the coding of animals. Ten days after the boost, immune serum samples were collected by cardiac puncture and all 10 animals in each cohort were then inoculated i.n. with adenovirus and 7 days later with NTHI 86-028NP at inocula identical to those described above for the first active-immunization study. Five animals from each cohort also received a bilateral t.b. inoculation of approximately 2,500 CFU of NTHI as described above for the first active-immunization study.
Production of antisera for the passive-transfer protocol. Four cohorts of five to eight chinchillas each were used to generate antisera against selected antigens. One cohort received 10 g of LB1 delivered in CFA followed by two boosts (10 g in incomplete Freund's adjuvant [IFA]) at monthly intervals. This antiserum pool served as the positive control for this study, based on data acquired in the active-immunization trials reported herein. The remaining cohorts were immunized at 10 g/dose with LPD, PDm, or the recombinant peptide LPD-LB1(f) 2,1,3 . LPD and PDm were used here to determine the relative protective efficacy that one could attribute to each of these immunogens alone in the chinchilla model and also to provide information about which may be the superior choice as an H. influenzae-derived carrier protein or immunogen. LPD, PDm, and LPD-LB1(f) 2,1,3 were delivered in a combined adjuvant formulation of AlPO 4 plus monophosphoryl lipid A (MPL) (Ribi ImmunoChem Research, Inc., Hamilton, Mont.) (200 g of AlPO 4 and 20 g of MPL per dose), and this was followed by two identical boosts at monthly intervals. The immunogen preparations used here (except LB1/CFA, which was prepared in-house) were also provided in coded vials by SmithKline Beecham Biologicals. All immunizations were performed via s.c. injection. The animals were bled 10 days after receiving the third immunization, and sera were pooled by cohort for passive transfer.
Passive-transfer study. A total of 55 juvenile chinchillas were used to establish five cohorts of 11 chinchillas each. Chinchilla sera were collected and screened individually by Western blotting to determine if any animal had a significant preexisting antibody titer to NTHI outer membrane proteins prior to enrollment in the study. Seven days before the NTHI challenge, the chinchillas received adenovirus i.n., as described above, and 1 day before the challenge, they were injected intracardially (5 ml/kg) (12, 66) with a 1:5 dilution of one of the four chinchilla antiserum pools or with the diluent alone (pyrogen-free sterile saline). They were then challenged exclusively i.n. in this study by passive inhalation of approximately 10 8 CFU of NTHI 86-028NP per animal. Observers knew neither which antiserum was received nor which animals formed a cohort.
Clinical assessment of experimental disease. For all three studies, the animals were blindly evaluated by otoscopy and tympanometry (EarScan, South Daytona, Fla.) daily or every 2 days from the time of adenovirus inoculation until the end of the observation period. Signs of tympanic membrane inflammation were rated on a 0 to 4ϩ ordinal scale (66, 72) , and tympanometry plots were used to monitor changes in both middle ear pressure and tympanic membrane compliance (24, 45) . Tympanometry results indicated an abnormal ear if a type B tympanogram was obtained, compliance was Յ0.5 ml, or middle ear pressure was greater than Ϫ100 daPa (24, 26, 61) . Clinical signs of respiratory tract infection, including ruffling of fur, conjunctivitis, altered character of nasal or ocular secretions, wheezing, labyrinthitis, and cornering behavior, were recorded.
An NP lavage was performed on all animals, on days 1, 4, 7, 10, 14, 18, 21, 28, and 35 after NTHI challenge, by passive inhalation of 500 l of pyrogen-free saline in 5-to 10-l droplets through one nare with collection of this fluid, on ice, from the contralateral nare as it was exhaled, as previously described (8, 18); this procedure was also performed on days 42 and 49 in the second active-immunization study. In the passive-transfer study, an NP lavage was performed only once, 4 days after NTHI challenge, to ensure that the animals were colonized. In both active-immunization studies, epitympanic taps to collect no more than 300 l were attempted (10, 18) (on the same schedule as the NP lavages) on any animal which had an otoscopically determined retrievable middle ear fluid (minimum 2ϩ inflammation score) or yielded a type B tympanogram (24) as previously described. Serial epitympanic taps with culture were not performed in the passive-transfer study to prevent potential damage to middle ear mucosa or disruption of either the disease course or bacterial clearance.
Recovered middle ear fluids and NP lavage fluids were maintained on ice until serially diluted. Middle ear fluids were plated onto chocolate agar (Becton Dickinson Microbiology Systems, Becton Dickinson and Co., Cockeysville, Md.); NP fluids were plated onto chocolate agar containing bacitracin (BBL) to discourage growth of other members of the normal NP flora. All the plates were incubated at 37°C for up to 48 h for semiquantitative determination of the number of CFU of NTHI per milliliter. Animals were also tabulated as having a "colonized" or "cleared" status based on culture results. If NTHI was cultured from either site, the animal was considered colonized for that site. If a culturenegative status was both achieved and substantiated for an additional 7 to 10 days by plate count, an animal was considered cleared as of the first day it became culture negative. Finally, blood was obtained for serum from all chinchillas in active-immunization trials, prior to sacrifice, via cardiac puncture on days 35 and/or day 49 after NTHI challenge.
Assessment of serum titer and/or specificity by ELISA and Western blotting. Briefly, enzyme-linked immunosorbent assays (ELISA) were performed with dilutions of either pooled chinchilla serum or tapped middle ear fluids from each cohort and were assayed against NTHI whole outer membrane protein preparations (0.5 g/well), isolated outer membrane proteins (0.2 g/well), and LB1 or LB2 (0.2 g/well) in 96-well microtiter plates (Dynatech, Horsham, Pa.) (8). As previously described (7, 8, 67) , the titer of a serum pool or of middle ear lavage fluids was defined as the reciprocal of the dilution consistently yielding an optical density at 490 nm showing a twofold increase over that of wells containing all components but immune serum. Western blotting was performed, also as described previously (10), with pooled immune serum diluted 1:100 or 1:200 as the primary antibody and horseradish peroxidase-conjugated protein A (Zymed) diluted 1:200 as the secondary antibody. The color was developed with 4-chloro-1-naphthol (Sigma).
For some assays, in addition to chinchilla antiserum pools, a murine monoclonal antibody (MAb 2C7; a gift from Alan Lesse, State University of New York at Buffalo, Buffalo, N.Y.) produced against H. influenzae biogroup aegyptius (strain F3031), which recognizes P5 and has been described previously (14, 51, 71) , was used.
Immunogold labeling of NTHI. NTHI isolate 86-028NP was indirectly immunogold labeled by incubation with the chinchilla antiserum pools used for passive transfer or with MAb 2C7, followed by incubation with gold-conjugated protein A or gold-conjugated goat anti-mouse immunoglobulin (Ig) (5-or 10-nm diameter gold particles; EY Laboratories, Inc., San Mateo, Calif.), respectively, as previously described (5). Briefly, an 18-h culture of NTHI was suspended in either sterile double-distilled H 2 O or sterile 0.01 M PBS (pH 7.2) and a carbonand Formvar-coated grid was floated on a droplet of this suspension for 5 min. The grids were then blocked by incubation in 0.5% (wt/vol) ovalbumin in PBS for 30 min, rinsed three times in PBS, and floated on the chinchilla serum pools (diluted 1:40 in PBS) or MAb 2C7 (diluted 1:75 in PBS) for 15 min at room temperature. After three rinses in PBS, the grids were floated on the appropriate gold conjugate (diluted 1:100 in PBS) for 60 min. The grids were then blotted, floated on 2.5 M PBS (pH 7.2) for 10 min to remove nonspecific gold spheres, rinsed twice with PBS, and subjected to negative staining (2% ammonium acetate, 2% ammonium molybdate) for 5 min.
Statistical methods. All the statistical analyses were conducted by the Biometrics Laboratory of The Ohio State University School of Public Health on data compiled prior to deblinding chinchilla cohorts. Cohorts in active-immunization studies were compared for differences in relative time to bacterial clearance of the nasopharynx or middle ear, as determined by culture-negative status, via a log rank statistic, and the results were illustrated with Kaplan-Meier survival analysis curves. Orthogonal rank comparisons were additionally performed to further elaborate the differences between individual cohorts. A P value of Յ0.05 was accepted as significant.
To test for a difference in CFU of NTHI per milliliter in day 4 NP lavage fluids among cohorts in the passive-transfer study, a Kruskal-Wallis one-way analysis of variance was conducted. A P value of Յ0.05 was considered significant.
For analysis of otoscopy data in the passive-transfer study, a repeated-mea- To test for significant inhibition of development of middle ear effusion in the passive-transfer study, a Z-test comparison of proportions was performed on each day the percentage of abnormal ears was Ͼ50% in sham-immunized animals. A P value of Յ0.005 was accepted as significant.
RESULTS
Characterization of immunogens.
All isolated NTHI antigens, synthetic peptides, and recombinant immunogens used were characterized by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and silver staining ( Fig. 1 ) and were assessed for purity by laser densitometry (Bio-Rad, Hercules, Calif.). The purity of each immunogen based on silver-stained preparations was as follows: P5-fimbrin, 99%; P6, 97%; LPD, 94%; LB1, 97%; LB2, 99%; PDm, 95%; LPD-LB1(f) 2,1,3 , 96% (predominant band). Minor bands in silver stain of LPD-LB1(f) 2,1,3 (lane 7) represent degradation products. All were additionally shown to have less than 0.1% endotoxin content by weight as determined by a chromogenic Limulus assay (BioWhittaker, Walkersville, Md.).
First active-immunization study. Of the 66 chinchillas in this study, 5 were lost to attrition by the time of bacterial challenge and 3 animals were found dead during the study; therefore, 58 (95%) of the 61 animals completed the study as scheduled. Reciprocal pooled titers in serum, determined by cohort prior to bacterial challenge, against the immunogens delivered are shown in Table 2 . All cohorts seroconverted, with each cohort demonstrating a reciprocal titer of Ն10 4 against the immunogen(s) delivered, with the exception of the fimbrin/P6/AlPO 4 cohort, which yielded a low titer against P6 only. Cohorts immunized with any isolated NTHI outer membrane protein also demonstrated titers of Ն10 4 against whole outer membrane protein preparations from two NTHI isolates, as expected. Interestingly, when P5-fimbrin was used either as a single immunogen or in combination with P6, titers of Ն10 against isolated P6 as well as against both whole outer membrane protein preparations assayed. This response is probably due to use of the adjuvant CFA, which enhanced a preexisting immune recognition of P6, which is not uncommon in naive chinchillas.
Reciprocal titers against the immunogens delivered, in middle ear fluids of animals in each cohort on the first day when epitympanic taps were performed (4 days after challenge), are shown in Table 2 alongside the corresponding titers in serum. Titers in middle ear fluid largely reflect the titers in serum in these cohorts. This observation is consistent with data we reported previously showing that middle ear lavage fluids obtained from immunized chinchillas demonstrated transudation of serum antibody into the tympanum and that this phenomenon is promoted by adenovirus infection (7). The higher antibody titers in serum against P5-fimbrin and P6 obtained when CFA was used as the adjuvant than when AlPO 4 was used corresponded to higher antibody titers in middle ear fluids as well.
The relative clearance of NTHI from the middle ears of the animals in each of the 11 cohorts in this study is depicted in Fig. 2 . The cohort immunized with LB1/CFA was cleared of culturable NTHI by 14 days after direct challenge of the middle ears. This shorter time to clearance was significant (P Յ 0.01) relative to naive animals as well as to any of the nine remaining immunized cohorts. While the ears of all the animals in the LPD/AlPO 4 cohort were similarly cleared by day 14, this was not statistically significant compared to all other cohorts (P ϭ 0.5). The lack of significance in the LPD/AlPO 4 cohort was due, in part, to the small sample size for this study (eight ears per cohort maximum); however, individual ears were also predominantly rendered culture negative on days 10 and 14 in this cohort rather than on days 1, 4, 7, or 10 as occurred in animals immunized with LB1/CFA. The next most rapidly augmented clearance of NTHI from the middle ear occurred in cohorts receiving P5-fimbrin combined with either LPD or P6, both delivered in alum. Although clearance of the middle ears 18 days after direct challenge was highly intriguing, it was not statistically significant. No evidence of significantly augmented clearance of NTHI from the middle ears of ani- Figure 3A depicts the mean CFU of NTHI per milliliter of middle ear fluid over time for i.n.-plus-t.b. challenged animals (no OM developed in i.n.-only inoculated chinchillas) for 7 of the 11 cohorts described in Table 1 . As is typical for direct challenge of the middle ear (17, 18, 66) , all cohorts demonstrated a 2-to 7-log-unit increase in the CFU of NTHI per milliliter of middle ear fluid in the first 4 days after challenge, thus demonstrating initial bacterial growth in the middle ear. For the first 10 days after middle ear challenge, there were no consistent statistical differences among the 11 cohorts in terms of mean CFU of NTHI per milliliter. Thereafter, however, the relative effect of immunization, or lack thereof, was clearly discernible among the cohorts. Naive animals maintained culture-positive ears with effusions containing 10 6 to 10 8 CFU of NTHI/ml of middle ear fluid up to 5 weeks after challenge ( Fig.  2 and 3A) . Sterile middle ear fluids or a "dry" middle ear status was, however, ultimately achieved in all ears of all animals in the remaining 10 cohorts by the time points indicated. Both the sham/AlPO 4 and the sham/CFA cohorts cleared NTHI from their middle ears on day 28, 7 days earlier than did the naive animals, which remained culture positive until day 35. This earlier time to clearance was not significant, yet these two control cohorts served to demonstrate that animals receiving adjuvant alone are given a degree of nonspecific "protection" not seen in naive animals, as has been previously reported (18) .
Otoscopy and tympanometry data (not shown) correlated well with bacterial culture results from middle ear fluids as an indication of the relative incidence and severity of experimental OM in each of the 11 total cohorts. Additionally, 9 days after i.n.-plus-t.b. challenge, only the LB1/CFA, LPD/AlPO 4 , and fimbrin/LPD/AlPO 4 cohorts had one-third or fewer of the ears with a 3ϩ (or significant) degree of tympanic membrane inflammation. Figure 3B depicts mean CFU of NTHI per milliliter of NP lavage fluid over time for 6 of these 11 cohorts. The remaining cohorts were not afforded any demonstrable augmented clearance effect in the nasopharynx, and the results are therefore not shown. Unlike middle ear fluid culture data (Fig. 3A) , which demonstrated an initial 2-to 7-log-unit increase in CFU of NTHI per milliliter, NP lavage fluids revealed a 1-to 4-logunit decrease 1 day after challenge, indicating less initial bacterial multiplication in this site and also potentially rapidly effective clearance mechanisms. The naive cohort again provides the baseline from which relative efficacy was determined. One or two animals in the naive cohort were still colonized with ϳ10 5 CFU of NTHI/ml of NP lavage fluid up to 5 weeks postinoculation ( Fig. 3B and 4) , whereas the sham/CFA and sham/AlPO 4 cohorts showed a slow decrease from a colonization level of 10 4 to 10 5 CFU/ml to no culturable NTHI in any animal 35 days after challenge. These two control cohorts again serve to demonstrate the marginal, nonspecific effect of adjuvant alone on clearance of NTHI from the nasopharynx. Unlike naive animals, all other cohorts in this study achieved complete clearance of the nasopharynx in all animals by the day indicated.
The percentage of animals in each cohort which were colonized in the nasopharynx decreased over time (Fig. 4) . The two cohorts which were cleared of culturable NTHI from the na- sopharynx on the earliest (day 14) were those receiving either LB1 in CFA or the combined immunogen fimbrin/LPD/AlPO 4 . The fimbrin/P6/AlPO 4 cohort was initially considered cleared by day 18, although one animal was again culture positive on day 21. While these times to clearance were 17 to 21 days earlier than that achieved in the naive cohort, they were not statistically significant, in part due to the small sample size.
Middle ear mucosa and tympanic membrane specimens collected from one animal in each cohort 10 days after challenge showed various degrees of the hallmark signs of OM induced by t.b. inoculation of NTHI (e.g., subepithelial edema, focal bleeding, infiltration of polymorphonuclear leukocytes, and epithelial hyperplasia (data not shown). The relative severity of the histopathological signs noted correlated well with the overall assessment of the incidence and severity of induced middle ear infection, or lack thereof, reported above for each cohort on the basis of otoscopy, tympanometry, and bacterial culture data. However, tremendous histopathological changes indicative of immunopathology, as demonstrated by an infiltration of mononuclear leukocytes and extensive osteoneogenesis in inferior bulla specimens, were recorded for only two cohorts, those immunized with fimbrin/CFA or LB2/CFA.
Second active-immunization study. The results of the first study indicated that LB1 and LPD were the most effective of the potential immunogens tested. Therefore, a second trial was established with LB1, LPD, or combinations of these immunogens. Additionally, to more closely mimic immunogen preparations which would be suitable for children, AlPO 4 was used exclusively as the adjuvant in this trial. Of the 50 animals enrolled, 3 were lost to attrition by the time of bacterial challenge. Forty-one (87%) of the remainder survived until the completion of the study. Reciprocal titers in serum collected 10 days after the boosting dose against immunogens delivered were as follows: LB1 cohort (1 g/dose), 100; LB1 cohort (10 g/dose), 5 ϫ 10 3 ; LPD plus LB1 cohort (10 g and 1 g/ dose), 10 5 against LPD and 100 against LB1; LPD cohort (10 g/dose), 10 5 . The animals in the second active-immunization trial were challenged with identical doses to those in the previous trial: all the animals were inoculated i.n. with approximately 10 8 CFU of NTHI 86-028NP; however, in this trial, half (5 of 10 animals in each cohort) also received a t.b. inoculation of 2.5 ϫ 10 3 CFU of NTHI bilaterally. This dual-site challenge of half of the animals in each cohort and i.n.-only challenge of the other half was done to better allow a determination of the effect of parenteral immunization on NP colonization alone as well as on the clearance of NTHI from the middle ear and nasopharynx in these cohorts.
A plot of mean CFU of NTHI per milliliter of middle ear fluid for i.n.-plus-t.b.-challenged animals in each of the five cohorts over the 49-day period of observation is given in Fig.  5A . As reported in the first active-immunization study, bacterial counts in middle ear fluids increased over the first 4 days and thereafter ranged between 10 6 and 10 9 CFU of NTHI/ml for approximately 7 days after the challenge. The cohort receiving only AlPO 4 maintained 10 5 to 10 7 CFU of NTHI/ml from days 10 to 21 before clearing on day 28, as did a similarly immunized cohort in the first active-immunization study (see above). Despite a reciprocal antibody titer in serum of 10 5 LPD-immunized animals did not clear NTHI from the middle ears earlier than controls. However, the cohort immunized with LB1 (1 g/dose) was bacteriologically sterile on day 18. This difference in time to clearance of the middle ears was significant relative to sham-immunized controls (P Յ 0.005). Animals immunized with either a combination of LPD and LB1 or LB1 alone (10 g/dose) cleared bacteria from the middle ear 3 days later, on day 21 after challenge, which was not statistically significant. The somewhat paradoxical effect that the lower dosage of LB1 was more efficacious in the middle ear than the higher dosage was at least partially due to an atypically high preexisting antibody titer in serum against a whole outer membrane protein preparation derived from the NTHI challenge isolate that was demonstrated in several chinchillas randomly assigned to the low-dose LB1 cohort. Their titers were 10 times that observed in chinchillas assigned to the higher-dose LB1 cohort. This disparity was demonstrated only after the study was completed and resulted in a protocol change wherein animals were prescreened for existing titer on an individual basis, rather than by cohort, prior to enrollment in future challenge studies. Once cleared of NTHI, all cohorts remained so for an additional 21 to 31 days.
A plot of mean CFU of NTHI per milliliter of NP lavage fluid for all animals in the same five cohorts over the 49-day observation period is given in Fig. 5B . The earliest clearance (day 18) was achieved only in cohorts inoculated with the higher dose of LB1 (10 g/dose) or with LPD, although neither of these differences in time to clearance was statistically significant. The lack of significance was at least partly because of the small sample size due to a greater than expected number of anesthesia-related deaths in this study. Other cohorts were cleared of NTHI on days 28 to 35 after challenge, and all cohorts remained culture negative for NTHI once they were considered cleared. Overall, the cohorts immunized with LB1-containing immunogens again performed well, although both titers in serum and efficacy were notably lower than those achieved in the first study. This was largely attributed to the use of alum as the adjuvant.
PCR amplification of the LB1(f) region of P5-fimbrin. The results of both active-immunization studies indicated that LB1 was capable of inducing a protective immune response. Prior to initiating another study, we wanted to determine the conservation of sequence in the P5-fimbrin protein across the region included in the LB1 peptide. To do this, 99 clinical NTHI isolates were subjected to PCR amplification and nucleotide sequencing of the 19-mer putative B-cell epitope region of mature P5-fimbrin [LB1(f)] and grouped according to analysis of the deduced amino acid sequence (Table 3) . After alignment of sequences (each 13 to 22 amino acids long; approximate AA positions 110 to 140), NTHI strains from both the United States and Europe segregated into three major groups, using the criterion that assignment to a particular group required at least 75% identity to the consensus sequence of that group (Table 3) . Group 2 was further divided into subgroups 2a and 2b based on limited but consistent sequence differences. Approximately 75% of these 99 isolates belonged to group 1, 16% belonged to group 2, and 8% belonged to group 3. However, due to the existence of three distinct groups and the likelihood that these three LB1(f) groups were also antigenically distinct and could potentially be combined to create a more broadly protective immunogen, the recombinant peptide LPD-LB1(f) 2,1,3 was designed (Fig. 6) , expressed in E. coli, and isolated as described above for use in the third chinchilla study.
Passive-immunization study. For the passive-immunization trial, antisera were generated against PDm, LPD, LB1, and LPD-LB1(f) 2,1,3 . These antisera were characterized by ELISA and Western blotting before being used in the passive-protection trial. Reciprocal antibody titers in serum against the immunogens delivered were determined a minimum of three separate times for each serum pool. The titers were 1 ϫ Of the 55 animals enrolled in the passive-transfer protocol, all survived until the bacterial challenge and all exhibited characteristic signs of adenovirus infection prior to bacterial challenge; these signs included conjunctivitis, tympanic membrane retraction with underpressured middle ears, cornering behavior, and ruffling of fur. Of these 55 chinchillas, 51 (93%) completed the study. All five cohorts were confirmed to be colo- Protective activity of passively delivered antiserum against the development of middle ear fluids (effusion). Middle ears with a directly visible effusion by otoscopy and those with either wide, flat tympanograms, tympanograms exhibiting normal pressure but low compliance (Յ0.5 ml), or greatly underpressured middle ears (ՆϪ100 daPa) were considered abnormal (24, 26, 45, 61) . Based on these findings, 10% of the ears of the sham-immunized animals were abnormal on day 5, reaching 80% of ears (16 of 20) with an effusion on day 12 (Fig.  8) . In the cohort receiving a 1:5 dilution of anti-LB1 serum, 3 (15%) of 20 ears were tympanometrically diagnosed as containing an effusion on day 13 only. In the cohort receiving antiserum against LPD-LB1(f) 2,1,3 (diluted 1:5), 5% of ears contained an effusion on day 6, peaking at 28% (5 of 18) on day 10 after NTHI challenge. Chinchillas receiving similarly diluted anti-PDm serum demonstrated abnormal ears beginning on day 9 in 5% of ears, peaking on day 12 with 55% of ears (12 of 22) reported as containing an effusion. Within the cohort receiving anti-LPD serum (diluted 1:5), the first signs of abnormality were observed 7 days after NTHI challenge in 5% of the ears, peaking at 68% of ears (15 of 22) with effusion on days 11 and 12.
Thus, compared to sham-immunized animals, in which more than 50% of ears contained a middle ear effusion on days 11, 12, 13, and 14 after NTHI challenge, delivery of anti-immunogen serum by passive transfer reduced the incidence of OM on these four days by 100, 100, 77, and 100%, respectively, in the anti-LB1-immunized cohort; 76, 73, 74, and 100%, respectively, in the anti-LPD-LB1(f) 2,1,3 -immunized cohort; 36, 31, 72, and 92%, respectively, in the anti-PD-immunized cohort; and 3, 15, 37, and 62%, respectively, in the anti-LPD-immunized cohort. This difference in the percentage of ears containing an effusion was significant (P Յ 0.001) on all four of these days for animals receiving either anti-LB1 or anti-LPD-FIG. 8. Percentage of total abnormal ears based on otoscopy and tympanometry in the five adenovirus-compromised chinchilla cohorts which received either sterile diluent or a 1:5 dilution of anti-LB1, anti-LPD, anti-PDm, or anti-LPD-LB1(f) 2,1,3 by passive transfer prior to i.n. challenge with NTHI 86-028NP. LB1(f) 2,1,3 . For animals receiving anti-PDm serum, this difference was significant (P Յ 0.001) on days 13 and 14, and for those receiving anti-LPD, this difference was significant (P ϭ 0.02) on day 14 only.
Protective activity of passively delivered antiserum against signs of tympanic membrane inflammation. Otoscopically determined mean tympanic membrane inflammation scores (not shown) corroborated the protective efficacy against effusion development as reported above. Inflammation began to steadily increase in all cohorts, with animals within the shamimmunized cohort showing the earliest signs of moderate (2ϩ) OM. This occurred approximately 6 days after NTHI challenge and peaked on day 12, with inflammation greater than that attributable to adenovirus alone being maintained for approximately 12 days thereafter. This disease course is highly consistent with earlier data obtained with this model of NTHI ascension of the eustachian tube from a colonized nasopharynx (72) . Up to 7 days after NTHI challenge, there were no statistically significant differences among cohorts. Throughout the remainder of the study, however, the sham-immunized cohort exhibited the greatest mean tympanic membrane inflammation scores and evidence of development of OM. Sham-immunized animals yielded a significantly greater mean inflammation score than did the cohort receiving anti-LB1 serum or the cohort receiving anti-LPD-LB1(f) 2,1,3 serum on days 12 and 14, respectively (P Յ 0.001). In addition, on all seven days from days 15 to 21 after NTHI challenge, inflammation was significantly greater in both ears of all sham-immunized animals than that in both ears of all animals in the cohorts which received antiserum directed against PDm, LB1, or LPD-LB1(f) 2,1,3 (P Ͻ 0.001).
The cohort receiving anti-LB1 antiserum thus demonstrated significantly less inflammation than did the sham-immunized cohort on a total of 14 observation days during the study, including days 12 and 15 to 21 (as stated above) as well as days 25, 26, and 27 (P Ͻ 0.001) and days 29, 32, and 33 (P ϭ 0.02). Receipt of anti-LB1 serum prevented the mean tympanic membrane inflammation from ever exceeding a 1.5ϩ, which is the level of inflammation that can be attributed solely to i.n. inoculation of adenovirus (72) . The cohort receiving anti-LB1 also exhibited significantly less inflammation than did the cohort receiving either anti-PDm or anti-LPD serum on days 25 and 28, respectively (P Ͻ 0.001). No other significant differences among cohorts were noted.
Immunogold labeling. Transmission electron microscopy (TEM) observation of immunogold-labeled NTHI 86-028NP indicated that neither chinchilla anti-LPD (Fig. 9A ) nor antiPDm serum pools resulted in a significant or distinct immunolabeling pattern (data not shown). When NTHI 86-028NP was incubated with either anti-LB1 or anti-LPD-LB1(f) 2,1,3 followed by gold-conjugated protein A or with MAb 2C7, a murine MAb directed against P5-fimbrin, followed by gold-conjugated goat-anti mouse IgM, IgA, plus IgG, all three sera yielded distinct immunolabeling patterns. Each of these sera and MAb 2C7 resulted in an immunolabeling pattern in which a limited region of the outer membrane was more heavily labeled rather than there being a uniform circumferential or surface labeling. Gold spheres were often tightly clustered close to the outer membrane in an almost spherical array (Fig.  9C) or fanned away from the bacterial cell and appeared to be associated with regions of the grid surface which accumulated the negative stain more heavily (Figs. 9B to D) . In other TEM images (not shown), the outer membranes of bacterial cells were lightly labeled randomly; however, they were in close proximity to large clusters of gold, which were labeling bacterial cell-free masses of different sizes that had no distinct, discernible morphology. The heaviest gold-labeling patterns were obtained with anti-LPD-LB1(f) 2,1,3 (Fig. 9D) ; however, the patterns of labeling, in terms of distribution of gold spheres, were very similar for these three antisera.
Thus, immunization of chinchillas with either LB1 or LPD-LB1(f) 2,1,3 resulted in polyclonal antisera containing antibodies which recognized surface-accessible epitopes on NTHI similar to those recognized by the P5-specific MAb 2C7. In addition, all three antisera recognized epitopes contained within material which was either somewhat tenuously associated with the bacterial cell (and thereby disassociated by the techniques used to prepare the specimens for microscopy) or partially released or exported as part of an active process.
DISCUSSION
Data obtained in the first active-immunization trial provided us both with an initial indication of which of the NTHI immunogens tested were the most promising (and thus of the greatest interest for further development) and with some insight into where, within the chinchilla uppermost airway, the antibodies generated were exerting a bacterial clearance effect. Both LPD and LB1 were effective in potentiating middle ear clearance when used alone, whereas combining either P6 or LPD with P5-fimbrin enhanced the ability of the chinchilla to clear NTHI from a directly challenged middle ear over that achievable with P5-fimbrin immunization alone. Combining P5-fimbrin with LPD also resulted in the ability to enhance clearance of NTHI from the nasopharynx 14 days after challenge, a phenomenon that could not be induced by either of these immunogens delivered singly. Unique to the chimeric peptide LB1, formulated in this study with CFA, was the ability to induce both notably augmented clearance of NTHI from the nasopharynx and significantly augmented clearance from the middle ears when used as a single immunogen. While use of the powerful adjuvant CFA clearly played a role here, the incorporation of a T-cell promiscuous epitope into the design of peptide LB1 probably also contributed to the marked efficacy of this immunogen. Enhancement of T-cell responses augments the clearance of NTHI from the lower airway as well (41, 42) .
Any site-specific effect of the induced antibodies noted may have been due to microenvironment-sensitive altered expression of antigens by NTHI as well as to qualitative differences between the antibodies produced, since the presence of a high antibody titer in serum alone did not ensure an enhanced bacterial clearance effect in this study. The importance of a specific functional activity of antibody in addition to achieving a desired titer has been reported for other systems as well (54, 65) .
In the second active-immunization study, we focused on two of the preliminarily tested immunogens, LB1 and LPD, delivering each alone and as a mixed preparation and using alum as the adjuvant. LPD was not efficacious in the middle ears of chinchillas in the second active-immunization study whereas it had been when used at an identical dose (and with the same adjuvant) in the first study despite inducing reciprocal serum antibody titers of 10 5 against LPD in the cohorts receiving it in both studies. It was later hypothesized that this variability in the observed results was the consequence of the use of two experimental lots of LPD with different contaminant profiles. Combining LPD with LB1 at a 10:1 ratio did not enhance the relative efficacy of either immunogen in the middle ear or in the nasopharynx in this study; in fact it significantly reduced the efficacy of LB1 (at 1 g/dose) in the middle ears.
Finally, while LB1 at 1 or 10 g/dose again induced either significantly augmented clearance of NTHI from the middle ears or notable but not significant clearance of NTHI from the nasopharynx, respectively, relative to control animals, delivery with alum resulted in markedly reduced titers in serum as well as reduced efficacy compared to that observed in the first active-immunization trial. This phenomenon of low antibody titers in serum being induced in chinchillas immunized with antigens prepared with alum as the adjuvant has been reported by Green et al. (26) . These data, combined with those obtained FIG. 9 . TEM composite of NTHI 86-028NP indirectly immunogold labeled with chinchilla antisera followed by either gold-conjugated protein A or gold-conjugated goat anti-mouse Igs. NTHI was incubated with chinchilla anti-LPD (A), MAb 2C7 (B), chinchilla anti-LB1 (C), or chinchilla anti-LPD-LB1(f) 2,1,3 (D). Magnification, ca. ϫ65,000 (A and B) and ϫ54,000 (C and D).
in the first active-immunization trial, collectively indicated the need to induce greater antibody titers in serum and to avoid combining antigens in a manner which could result in suppression of the immune response to one or both of them.
In the final study, three of the four sera used for passive transfer were generated by using alum combined with MPL as the adjuvant. MPL is an immune response modifier (63) and was selected due to its demonstrated ability to enhance the immunogenicity of NTHI surface antigens in mice and rabbits, particularly with regard to IgG production (29) . These antisera were delivered passively, and the ability to actually prevent the development of OM was now assessed instead of simply measuring augmented clearance of inoculated NTHI. Data obtained from the positive-control cohort in this study confirmed and expanded on earlier observations made with LB1 (8).
Immunization with LB1 prepared with either CFA plus IFA or alum resulted in the generation of antibodies which had been shown to augment the clearance of NTHI from the nasopharynx and middle ears in the two active-immunization trials; however, in the passive-immunization study, these antibodies (again generated with CFA) were additionally shown to prevent NTHI from gaining access to the middle ear and inducing OM in adenovirus-compromised chinchillas. Delivery of anti-LB1 serum effectively prevented the development of a middle ear effusion in all ears of all animals during the entire period of observation except for 3 of 20 ears on day 13 after NTHI challenge. Moreover, animals in the LB1/CFA cohort never demonstrated a mean tympanic membrane inflammation score which exceeded that attributable to adenovirus alone. While the use of CFA probably again contributed to the demonstrated efficacy, data from the second active-immunization trial in which LB1 was delivered with alum suggest that this immunogen itself contributes largely to the protective effects noted.
Animals given a 1:5 dilution of anti-LPD-LB1(f) 2,1,3 serum were also afforded significant protection from development of OM in the passive-transfer study. While mean tympanic membrane inflammation slightly exceeded that which adenovirus alone could have induced for approximately 4 days, these signs of OM were rapidly resolved. Moreover, the presence of middle ear effusion was significantly less in this cohort than that observed in sham-immunized animals on all days during the peak of the disease course.
Otoscopy showed that antiserum directed against PDm also conferred some protection to chinchillas. Animals in this cohort demonstrated significantly reduced tympanic membrane inflammation relative to sham-immunized animals from days 15 to 21 after challenge. This antiserum pool, however, was not as effective as either anti-LB1 or anti-LPD-LB1(f) 2,1,3 in preventing the development of middle ear effusions or abnormal ears. The maximum percentage of abnormal ears allowed in the anti-LB1 cohort was 15%, and that for the anti-LPD-LB1(f) 2,1,3 cohort was 22%, whereas 55% abnormal ears were allowed in the anti-PDm cohort. Anti-LPD serum similarly did not confer protection against induction of OM, allowing 68% of ears to develop an effusion. Nonetheless, delivery of either anti-PDm and anti-LPD did result in a significant reduction in middle ear effusions relative to sham-immunized animals on days 13 and 14 or on day 14 only, respectively. Thus, these data are very similar to those obtained in the rat model (3), wherein active immunization with either LPD or PDm did not prevent the development of acute OM; however, immunization with each augmented recovery from disease. However, the strong, early ability of anti-PDm to reduce tympanic membrane inflammation on day 12 after inoculation of NTHI was offset by its unusual inability to maintain this downward trend for the remainder of the observation period. This pattern of inflammation is highly atypical for this model and raises a suspicion of the possibility of immunoselection giving rise to "escape" mutants. The emergence of a population of NTHI in the middle ear with an altered expression of surface antigens in response to immunologic pressure has been reported for the HMW proteins (13).
The most efficacious immunogens we have tested to date, in terms of ability to prevent NTHI-induced OM, are thus LB1 and LPD-LB1(f) 2,1,3 . The rationale for synthesis of LB1 has been described previously (8), and its strong protective effect in the final study here indicates its continued merit. However, the immunogen LPD-LB1(f) 2,1,3 is novel and serves several investigational purposes which warrant some explanation. First, the N-terminal moiety, LPD, is a well-conserved 42-kDa lipoprotein (1, 4, 21, 32, 33, 35, 68 ), expressed by both NTHI and type b H. influenzae (4, 33), which has glycerophosphodiester phosphodiesterase activity (34, 52, 62) . LPD potentiates IgM secretion by large B cells and acts in concert with a multivalent antigen receptor cross-linking signal to mediate both increased IgM secretion and proliferation by sort-purified small B cells (67) . The role of LPD in the pathogenesis of OM has been demonstrated in a rat model through the use of an LPDdeficient mutant (34) which was 100-fold less virulent than the parental isolate. A later study (3) showed that rats immunized with LPD produced bactericidal antibody with activity against both homologous and heterologous NTHI isolates and also experienced an accelerated rate of recovery from experimental OM, thus generating interest in LPD as a vaccine candidate. Similarly, a nonacylated mutated form of LPD (PDm), expressed by and isolated from the periplasmic space of E. coli (32) , was found to be more easily produced and purified than LPD (3, 32) and also induced IgG and IgA in serum, which had significant bactericidal activity against both homologous and heterologous NTHI isolates (2) . While neither LPD nor PDm immunization prevents the development of acute OM in rats, both result in more rapid recovery from disease, with LPD being the more efficacious (3). Thus, although PDm is more easily produced (3, 30), we selected LPD to be the fusion partner of the three LB1 peptides because of its higher immunogenicity (3) and its potential to induce more bactericidal antibodies against both NTHI and type b H. influenzae.
Second, the 19-mer of P5-fimbrin, originally selected for inclusion in LB1 due to its predicted likelihood of being a B-cell epitope, was included in the LPD-LB1 recombinant peptide because of the previously demonstrated efficacy of the 40-mer chimeric peptide LB1 in inducing rapid clearance of NTHI from the nasopharynx (8) and because of its performance in both the middle ears and nasopharynx in the two active-immunization trials reported here. However, unlike the original LB1 peptide, in which a T-cell epitope of measles virus fusion protein known for its promiscuous properties (38) (39) (40) 43 ) is synthesized C-terminally to the 19-mer of P5-fimbrin [LB1(f)], the recombinant peptide joins three unique LB1(f) fragments (each lacking the measles virus fusion protein moiety) C-terminally to LPD in the final expressed product. These three LB1(f) peptides represented each of the major NTHI groupings for this portion of the mature P5-fimbrin protein demonstrated here and based on derived-amino-acid sequence analysis of 99 clinical NTHI isolates. The inclusion of LB1(f) peptides from these three major groups was intended to potentially induce a greater breadth of protection against NTHI challenge, although to date we have assessed efficacy only against the group 1 isolate reported here. Antiserum against LPD-LB1(f) 2,1,3 , delivered passively to chinchillas at a 1:5 dilution, performed second only to anti-LB1/CFA serum in re-ducing the signs of OM and preventing the induction of middle ear effusions in this model; it may show equivalent or even greater efficacy when delivered without prior dilution, but this has not yet been investigated.
Thus, both LB1 and LPD-LB1(f) 2,1,3 are derived from P5-fimbrin protein, which is a member of the OmpA family of proteins. The exact conformation and function of many members of this family are poorly characterized (19) . However, the OmpA-like proteins play a role in pathogenicity and virulence in E. coli K1 (55, 56, 74) and NTHI (66) models of infection, and thus they are important antigens. The highly conserved C-terminal portion of the OmpA proteins suggests an association between this domain of these proteins and peptidoglycan; however, there is no obvious similarity for the N-terminal domain of OmpA family members (19) . This has resulted in the somewhat controversial assignment of a universal biological function to this portion of the mature protein. Despite this incomplete understanding, the demonstrated ability of the two P5-fimbrin-derived immunogens used here to induce antibody that augments the clearance of NTHI from mucosal sites and/or prevents the development of OM in experimental models indicated that both LB1 and LPD-LB1(f) 2,1,3 continue to warrant investigation as vaccine components.
LB1(f) is derived from the N-terminal half of the mature P5-fimbrin protein, specifically from a region which has little homology to other OmpA proteins (66) , yet is included in one of the postulated surface-exposed loops of OmpA (48) and major outer membrane protein P5 (20) . A recent report showed that nonencapsulated H. influenzae strains recovered from patients with chronic infections of the lower respiratory tract demonstrate four well-defined heterogeneous regions, including region 3, which generally corresponds to the peptide LB1(f). These concentrated areas of nonsynonymous point mutations were attributed to the long-term immunoselective pressures exerted on H. influenzae during persistent, chronic infections. PCR amplification and subsequent analysis of the deduced amino acid sequences of 99 NTHI strains in the present study similarly demonstrated heterogeneity in this region of the outer membrane protein in clinical isolates from patients with relatively acute infection of the middle ear. However, application of the restriction of 75% identity with the consensus sequences described for assignment to a particular group allowed these isolates to be arranged into three major subsets. Nonetheless, the differences among the groups, as well as those between subgroups 2a and 2b, suggest that these peptides are potentially antigenically distinct, thus leading to the design of LPD-LB1(f) 2,1,3 . It would also be feasible to consider a four-valent P5-fimbrin-based vaccine component, particularly if broader protective efficacy could indeed be obtained.
Data collected here, as well as in other studies from our laboratories (8, 46, 66) and those of others (36, 57, 58) , will not resolve the controversy over the function of OmpA family members; however, they collectively support a model wherein this particular NTHI outer membrane protein, or portions of it, is configured in a way which is both highly accessible to antibody and capable of involvement in cell-cell or cell-substrate interactions, as are other members of the OmpA family (25, 50, 55, 56, 69, 70, 73) . P5-fimbrin is an adhesin to chinchilla tracheal and middle ear epithelium (11) and eustachian tube mucus (46) , human nasopharyngeal (57) and middle ear mucin (58) , and both normal human oropharyngeal cells (11) and respiratory syncytial virus-infected human lung cells (36) . Indirect immunogold labeling with chinchilla polyclonal antiserum against either isolated P5-fimbrin (66) or a synthetic chimeric peptide derived from P5-fimbrin (8), two murine MAbs (66), or chinchilla polyclonal antiserum against LPD-LB1(f) 2,1,3 did not yield a labeling pattern which would suggest uniform circumferential distribution of the outer membrane protein. In fact, TEM suggested a protein which is expressed in discrete compartments of the bacterial outer membrane and extends, at least in part, outward from the bacterial surface or is perhaps partially released or exported.
While the mechanism(s) of the protection afforded here is not yet fully known, our goal was to attempt to immunize against NP colonization and thus also reduce the incidence of OM which developed in chinchillas. NTHI resident in the nasopharynx is known to ascend the eustachian tube of adenovirus-compromised naive chinchillas and to multiply in the normally sterile middle ear, thus inducing OM (72) . Rapid elimination of NTHI colonizing the nasopharynx in LB1-immunized chinchillas, as demonstrated here in the first activeimmunization trial, was probably also the mechanism which contributed to the marked ability to prevent the induction of OM in the passive-transfer protocol with anti-LB1. Similarly, passive transfer of antiserum directed against LPD-LB1(f) 2,1,3 ,
while not yet assessed specifically as an immunogen against NP colonization, also effectively prevented the development of OM; therefore, a bacterial clearance mechanism similar to that demonstrated by immunization with LB1 is possible.
Other similar approaches to immunization, in which a major protective mechanism is the inactivation of the infecting inoculum by serum IgG that has transuded onto the mucosal surface, are efficacious in preventing pneumococcal OM in children given bacterial polysaccharide immune globulin (64) or in chinchillas with experimental OM induced by homologous NTHI challenge when LKP pili were used as the immunogen (37) and form the basis of many other parenteral vaccines (59, 60, 75) and passive-transfer systems (65) . In experimental models of NTHI-induced OM, protective activity afforded in the nasopharynx appears to be dependent upon both the antigen delivered and the method of immunization. s.c. immunization with isolated P6 plus CFA has no effect on NP colonization by NTHI in the chinchilla (18) , whereas i.n. delivery of P6 plus cholera toxin significantly enhances NP clearance of NTHI in BALB/c mice (31) . However, parenteral immunization of chinchillas with isolated P5-fimbrin protein in CFA induces significantly augmented clearance of a homologous NTHI challenge isolate from the nasopharynx (8). Adenovirus coinfection was not used in the study of P6 protective efficacy in the chinchilla, and thus the absence of virus inflammationinduced promotion of serum transudation into the mucosa of the uppermost airway (7) may have been responsible for the lack of clearance effect reported in P6-immunized chinchillas (18) . Other NTHI surface antigens have not been tested for efficacy in the nasopharynx.
While the exact role of bactericidal antibody in protection is unclear, it does not appear to play a role in NP colonization (15) . However, strain-specific bactericidal antibody does protect against OM (22) . Thus, the bactericidal activity of immune serum may also have contributed to the clearance of NTHI seen here in the middle ears, since a correlation has been shown between the bactericidal activity of antibody directed against the HMW adhesin proteins (12), lipooligosaccharide (28) or polyribosyl ribitol phosphate-conjugated LPD and PDm (3) and protective efficacy in experimental models of human OM. However, anti-P6 antibodies with significant bactericidal activity have not been directly associated with clearance of NTHI from either the chinchilla nasopharynx (18) or the rat lung (42) , although a predisposing viral infection was, again, not a component of either model.
In conclusion, the marked efficacy demonstrated by the im-munogens LB1 and the recombinant peptide LPD-LB1(f) 2, 1, 3 in the ability to induce clearance of the nasopharynges and middle ears as well as the ability of antibody directed against either to significantly prevent the induction of middle ear disease makes these immunogens highly interesting candidate components for a vaccine against NTHI-induced OM. Studies assessing the efficacy of antiserum specific for both LB1 and LPD-LB1(f) 2,1,3 as immunogens against challenge by members of each of the three major NTHI groups relative to peptide LB1(f) are under way.
